Abstmct-Many motion base simulators have been developed in t h e last thirty years for many different types of vehicles. In order t o make a simulation more realistic, linear accelerations and angular rates a r e exerted on t h e pilot by moving t h e platform on which t h e mock-up vehicle is located. This has t o be accomplished without driving t h e simulator out of its workspace. T h e software component t h a t is in charge of this is commonly referred t o as washout filter.
I. INTRODUCTION
LIGHT simulators have been the reference point F in the field of vehicle simulation for the last 30 years. This has been due to the high costs of aircrafts, if compared to other vehicles as cars or motorcycles. Flight simulators have always been less expensive than the actual aircraft they were trying to reproduce, thus allowing pilots and crews to be trained at lower costs and lower risks. The same cannot be said for car and motorcycles and here lays one of the basic differences between such types of simulators. Land vehicle simulators have been developed with different purposes, most often as a tool for designers to test new prototypes before actually building them or to study human behavior in certain situations.
Two main types of simulators can be distinguished: fixed and motion base. The former are based solely on visual and instrument cues while the latter also provide the pilot with realistic motion cues. Which type of simulator is capable of giving the most realistic feeling to its users has been matter of much debate. It has been often acknowledged that a good motion base can significantly enhance simulation realism. On the other side, poorly controlled motion base, which results in erroneous or delayed motion cues, can have an PERCRO is PERCeptual Robotics, Scuola Superiore S.Anna (SSSA), Pisa, Italy. E-mail: carlo@sssup.it. extremely negat.ive effect on the pilot, resulting in an unrealistic simulation. Moreover the advent of highperformance image generation (IG) systems has lead the way to a new class of cheaper fixed base commercial simulators. Nonetheless visual systems alone can provide motion cues only at low frequency and therefore motion base is still considered necessary, especially in more expensive research simulators.
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Fig. 1. The motorcycle simulator scheme
A simplified structure of a vehicle simulator is sketched in fig. 1 . Typically the pilot's commands are sampled and fed to a vehicle dynamical model unit (DM) that computes the vehicle's response. The vehicle motion is then processed by a washout filter (WF) to produce a desired simulator motion. The trajectories computed by the WF, usually in the form of actuators lengths, are used to command the motion base.
One of the keys to obtain realistic motion cues on the simulator pilot is the WF (whose name originates from the fact that one of its functions is to "wash out" the position of the simulator back to its neutral position [l] ). The purpose of the washout filter is to transform the trajectories generated by the DM, which include very large displacements, into actuators commands capable of providing the pilot with realistic motion cues while remaining within the simulator's limits.
The design of efficient washout filters is a complex problem. These filters are first of all complex control systems whose robustness and stability must be ensured in order not to cause mechanical damage to the simulator. Moreover washout filters must take into account the nondeterministic nature of pilots making it hard to define what "realistic" means and making this a complex design problem in the field of human factors and human-machine interaction. Many different schemes have been proposed in the last twenty years. Classical washout filters ( [2] , [3] ) were the first to be developed, followed by adaptive algorithms ([4], [5] ), optimal control filters ([6] , [7] ), hybrid classical-adaptive filters ([I] ) and robust filters ( [ 8 ] , [9] ). It is important to note that even though such literature is very extensive, it has been developed specifically for flight simulators. To the authors' knowledge much less has been proposed specifically for the case of land vehicles simulators and almost nothing for 6 DOF motorcycle
The purpose of this article is to present a design procedure for the washout filter software to be used with a motion base motorcycle simulator. This will be done considering washout filters previously proposed for flight simulators, choosing one of them and attempting to customize it to simulate at best the behavior of a small motorcycle. Such filter will then be tested on a specific motion base motorcycle simulator n-hich is currently being built at PERCRO, Pisa, Italy.
The MORIS Esprit project' started in 1995 with the aim of developing a two-wheeled motorcycle simulator conceived as a tool for the designer to acquire data on motorcycle maneuverability at the design stage as well as to collect data about rider control behavior implications in motorcycle performances. The MORE project is being developed by a consortium composed by industrial partners (Piaggio and Humanware from Italy and HEAD acoustics from Germany) and by academic partners (Scuola Superiore S. Anna from Italy, Halrnstad University from Sweden and University of Bochum from Germany)
\\'ASHOUT FILTER
The purpose of the washout filter is to reproduce the angular rates and forces that a pilot would feel if the simulation was real, using a 6 DOF Stewart platform which has limited workspace. In order to do this the filter receives, as input, the acceleration at the rider's head, since that is where the human vestibular system is located. Such input is then reproduced, in the most realistic way, on the real rider's head by moving the platform on which the mock-up is mounted.
Many are the techniques that have been used to implement washout filters for flight simulators. The most well-known of such techniques, commonly referred to as classic washout filter, has been chosen as a reference point for the design of a WF that would suit, 'This work has been supported in part by EEC ESPRIT project d20521.
at best, the specific characteristics of motorcycle dynamics. In fact such technique is relatively simple, it is transparent to the designerjl21 and usually has good performances. In order to customize a classical WF for our specific motion base simulator the following considerations were made.
1. Flight, simulators are usually used to train pilots during a specific maneuver. The washout filter parameters are therefore optimized for the particular dynamics that occur during such operation. The MORIS motorcycle simulator has been created as a tool for motorbike designers to acquire data on prototypes maneuverability before they have actually been built. The washout filter therefore will be tuned by an operator depending on which moi;orcycle prototype is being tested, but not on the particular phase of the run. This means that the washout filter has to be able to reproduce a wider range of maneuvers during the same simulation, i.e. cover a wider range of possible dynamics, without being optimized for any of these phases. This will probably lead to future versions of the washout filter based on adaptive algorithms. 2 . The dynamics of a land vehicle are very different from the ones of an aircraft. Land vehicles dynamics are usually much faster if compared to the ones of a large aircraft. This is due to a higher power to mass ratio and to the speciiic nature of moving on the ground, where higher friction is present. Consider, for instance, a car moving loiigitudinally at a constant speed of 30mls. Arresting the car means applying a negative acceleration step signal to the vehicle. Moreover, when the car stops the acceleration drops from a almost constant value, -'i"/s2 for instance, to O almost instantly. Such fast motions are hard to exactly reproduce on the rider using a simulator with limited workspace, and will obviously lead to some error that is not usually present for aircraft simulators. In order to minimize this error the washout filter input, i.e. the acceleration to be reproduced on the rider's head, can be low pass filtered or simiply scaled. 3. The dynamics of a motorcycle are different from the ones of a car or an aircraft because of the limited mass of the vehicle. Being the rider's mass comparable to that of the vehicle, the position of the pilot on the motorcycle strongly effects its dynamics and therefore should be considered at all times. An example of this is the fact that a pilot can approach a turn maneuver, on a motorcycle, using almost solely his body lean. Moreover, the rider's head position with respect to the motorcycle, varies much rnore, during a normal run, if compared to what happens for other larger vehicles.
The MORIS simulator uses an encoder sensor, fixed through a mechanical structure to the rider's back, to evaluate the rider's lateral lean angle. Its function is double. First such measure is used by the motorcycle dynamical model to compute the effect of lateral lean on the motorcycle lateral and longitudinal motion. Secondly it is used by the washout filter in order to estimate the rider's head position. By doing this the accelerations to be exerted on the rider's head can be computed with higher precision, leading to a more realistic feeling. 
GENERAL MATHEMATICAL SETTING
Gravity acceleration
The human vestibular system, which plays a, dominant role in motion sensing, is located inside the bony labyrinth of the ear. It is therefore important to know the linear accelerations and angular velocities to which the pilot's head is subjected during the simulation. In order to do so, several reference frames are associated with the motion base, as shown in fig.2 . The following notation is used: Cg is an inertial frame fixed to the base of the simulator; C p is a frame of reference fixed to the platform moved by the simulator to recreate the appropriate motion cues on the operator; C H is a frame of reference fixed to the user's head.
The origin of C p has been chosen to coincide with the geometric center of the planar surface of the platform where the mock up is mounted. The orientation of C p has been chosen with the x-axis pointing forward from the back wheel to the front wheel, the z-axis pointing upward opposite to the direction of gravity and the y-axis oriented to complete a positive orthogonal frame of reference pointing to the left side of the motorcycle rider. Moreover the origin of C B is chosen at the intersection of the z-axis of C p and the ground'plane. The origin of C H is chosen along the z-axis of C p at a certain fixed height equal to h thus introducing an approximation on the rider's head position. Both the axis of C B and C H are chosen to be aligned to those of C p when the simulator is not Fig. 2 . The reference frame used for the simulator in use. In normal operating conditions, i.e. when the platform moves, the position of references C H and C p with respect to C B can be computed through the use of appropriate 4 x 4 matrices representing homogeneous transformation.
A . Platform position and orientation with respect to
The position and orientation of reference C p with respect to the base reference C g is fully given by matrix 
As mentioned before angle 6 can be measured by an encoder through a mechanical structure fixed on the pilot's back.
hiloreover being RZ = R$ Rg we obtain RE = RF in the first simpler case.
The dynamical model of the motorcycle is based on three frames of reference. One is inertial and it is used to compute an absolute position of the motorbike in the virtual world: one is fixed with the motorcycle with its origin positioned at the projection of the motorcycle's center of mass on the ground; one is fixed to the pilot's head. Further details can be found in [13] . Holvever it is important to note that the washout location. for both the dynamical model and the washout filter, is the rider's head. This means that the WF performs calculations using values, computed by the DM, of specific accelerations existing at the rider's head.
D. Basac functzons of the washout algorithm
Thc washout filter implemented follows closely the so called classical scheme. Such scheme is based on three channels. Two are used to reproduce on the rider linear accelerations while one is for angular rates.
In the following let us first focus on the linear accelerations that the washout filter must reproduce on the rider. Referring to fig. 2 , the linear accelerations felt by the simulator rider at his head are given by (5) In order to reproduce a given acceleration a g (given by DM) on the pilot's head it is possible to divide such target vector into two components, using a high pass and a low pass filter, i.e. a; = agrav + amov.
( 6 )
Such components can then be reproduced using two separate channels. The low-frequency components, which would drive the platforim out of its workspace, are reproduced by tilting the platform. By doing this it is possible to reproduce a constant acceleration on the rider's head with zero steady-state error. In fact, at steady state, i.e. when B i :~ = B YH = B z~ = 0, equation 5 becomes (7) which is satisfied by tilting the platform of the following pitch and roll angles
In other words it is always possible to use gravity to reproduce constant longitudinal and lateral accelerations on the rider, while the visual display continues to show horizontal riding conditions. By doing this a certain error is introduced. First of all the acceleration felt by the user along the z-axis of C H , referred to as g', is not exactly equal to g. Such error is very small being a << g and therefore g x 9'. Moreover no vertical low frequency components of linear acceleration can be reproduced on the rider using this technique. Finally, since the p1ati;orm tilting is an artifact generated to trick the rider's senses, it should not be perceived by the rider. Therefore the maximum roll and pitch tilt rate is set to 3 deg/s [14] . This limits the performances of the motion controller unit while attempting to track the desired low frequency accelerations, and introduces a norclinear element that has to be considered when analyzing the overall stability of the WF.
On the other side it is possible to linearly move the platform in order to reproduce amov on the rider. Referring to equation 5, matrix RZ can now be considered known at any time since it is a function of time set to track agrau. Therefore we obtain
(9)
.. B -RE' Ph -firamow which can be used to directly drive the platform. This is because vector pf is referred to C B and therefore by driving C p linearly, the same acceleration is exerted on C H . It is important to note that agrau is tracked by the system with some delay due to the limits imposed on the maximum platform tilt rate. One of the side effects of such tilting is to create an undesired acceleration on the rider's liead that lasts until conditions 8 are met. This means that equation 9 is not exact and a certain term atETZft should be considered in the computation of the linear accelerations driving the platform. However, due to the limits imposed on the tilt rates, such error is usually neglectable.
The same principle with which the WF tracks amov can be applied to track the system's high-pass filtered angular rates.
IV. WASHOUT FILTER IMPLEMENTATION
The solution adopted for the MORIS simulator is sketched in fig.3 . Fig. 3 . The washout filter scheme
The Strategy Splitter unit (block (1) in fig. 3 ) has the purpose of dividing the linear accelerations to be reproduced on the rider's head into high frequency and low frequency components, i.e. into agrav and amov introduced in 6. A preliminary structure for such unit is depicted in fig.4 . The four parameters, a , b, c and d, can be regulated in order to vary the threshold between high and low frequencies to be replicated using different strategies. The high order of the system has been chosen in order to ensure that the platform is "washed out" back to its zero position after some time, i.e. that xmov = JJamov = 0 at steady state, for step and ramp inputs.
A more complex structure was used for the MORIS simulator. The structure used in fig.4 has been duplicated in order to operate on agrav and amov in different ways. The latter of such signals is first transformed into the inertial reference frame Cg, summed to a drift compensation signal and thus filtered.
The Gravitational Strategy unit (block (2) in fig. 3 ) has been implemented as shown in fig. 5 . The purpose of this block is to track agrav as presented in equation 7. The normalizer block has been introduced in order to make the system stable. Its purpose is to transform the norm of the acceleration vector in order for it to track [ 0 0 g 1' . The system can be optimized by tuning parameters G I , G2, G3, and Gq. The two saturation modules have been inserted in order to limit roll and pitch rates of the platform during the tracking motions.
The Gravitational Strategy unit is non-linear due to the saturation blocks and to the block representing matrix RE. As far as the stability is concerned it is possible to show, using Lyapunov's theory, that this unit results asymptotically stable in a ball centered on the system's equilibrium points (see [15] ).
The purpose of the Direct Linear Motion Unit is to integrate twice amov and use such information to linearly drive the platform. Since amou represents the high frequency components of the forces on the user's head, and because of the structure of the Strategy Splitter, such commands will drive the platform for short displacements and will drive it back to its zero position thus making sure that the workspace limits won't be met. However, a safety unit can be used in order to eventually decrease the linear velocities of the platform in order for it to reach a pre-set safety limit with zero speed. Such unit reproduces unrealistic motion cues on the rider but will never operate if the system is tuned properly by the operator.
The angular rates are reproduced on the rider s head in a similar way. Note that angles obtained from units 2 and 6 in fig.3 must be summed to obtain the data for the platforni actuation system.
V. METHODOLOGY
The washout filter and motorcycle dynamic model presented in this paper have been tested offline, since the MORIS simulator is not yet operative. In order to do so some basic maneuvers have been selected. The outputs of the DM are fed to the WF and compared to its outputs. Due to the limited space only few results are reported. The simulation lasts for 50 seconds. The motorcycle is longitudinally accelerated and then decelerated until a final stop. The WF tracks the input given by the DM with a very small delay. Problems seem to occur, as expected] when the motorcycle stops, in which case the the acceleration drops from -3.5m/s2 to 0 istantly. Anyway better results can be obtained scaling the input to the WF. Similar performances are obtained when the WF attempts to track a sinusoidal lateral acceleration of 2m/s2 and of 2radl.s frequency, as depicted in fig.7 .
T I . CONCLUSIONS A N D FUTURE DEVELOPMENTS
The classic washout filter has been implemented for the MORIS motorcycle simulator and tested offline. The filter has been customized for the specific case of a motorcycle. The washout location is always in the pilot's head. In this preliminary version the position of the head has been considered fixed at a constant height above the motorcycle seat. Anyway in further versions of the washout filter it will be possible to specify the head's position, using an encoder sensor fixed to the pilot's head. Moreover the WF will be soon tested on real pilots.
